Formation of a functional vasculature during mammalian development is essential for embryonic survival. In addition, imbalance in blood vessel growth contributes to the pathogenesis of numerous disorders. Most of our understanding of vascular development and blood vessel growth comes from investigating the Vegf signaling pathway as well as the recent observation that molecules involved in axon guidance also regulate vascular patterning. In order to take an unbiased, yet focused, approach to identify novel genes regulating vascular development, we performed a three-step ENU mutagenesis screen in zebrafish. We first screened live embryos visually, evaluating blood flow in the main trunk vessels, which form by vasculogenesis, and the intersomitic vessels, which form by angiogenesis. Embryos that displayed reduced or absent circulation were fixed and stained for endogenous alkaline phosphatase activity to reveal blood vessel morphology. All putative mutants were then crossed into the Tg(flk1:EGFP) s843 transgenic background to facilitate detailed examination of endothelial cells in live and fixed embryos. We screened 4015 genomes and identified 30 mutations affecting various aspects of vascular development. Specifically, we identified 3 genes (or loci) that regulate the specification and/or differentiation of endothelial cells, 8 genes that regulate vascular tube and lumen formation, 8 genes that regulate vascular patterning, and 11 genes that regulate vascular remodeling, integrity and maintenance. Only 4 of these genes had previously been associated with vascular development in zebrafish illustrating the value of this focused screen. The analysis of the newly defined loci should lead to a greater understanding of vascular development and possibly provide new drug targets to treat the numerous pathologies associated with dysregulated blood vessel growth.
Introduction
The vasculature needs to undergo continuous modification and remodeling to accommodate the diverse needs for growth, regeneration, and repair during an organism's life. This dynamic modulation of the vascular system is achieved by intricate interactions between two distinct mechanisms, vasculogenesis (de novo assembly of vessels) and angiogenesis (modification and expansion of pre-existing vessels) (reviewed by Risau, 1997; Risau and Flamme, 1995) .
Failure to regulate vasculogenesis and angiogenesis has been implicated in a wide variety of pathological conditions. Excessive vascular formation is usually associated with cancer, psoriasis, arthritis, and blindness, while insufficient vascular formation is involved in a variety of inherited diseases, as well as heart and brain ischemia, neurodegeneration, and osteoporosis (reviewed by Carmeliet, 2003 Carmeliet, , 2005 Carmeliet and Jain, 2000) . The pathological consequences of dysregulated vascular formation have provided the impetus to understand the underlying principles of vascular system development and function, resulting in the identification of various signaling pathways and their downstream effectors (reviewed by Rossant and Howard, 2002) .
The earliest event in this developmental cascade is the specification of endothelial cells, the cells lining all blood vessels. Initially, factors such as Bone Morphogenic Proteins (BMPs) (Gupta et al., 2006; Park et al., 2006) and Wnts (Lindsley et al., 2006; Wang et al., 2006) appear to define the number of potential endothelial progenitors within the nascent mesoderm. Subsequently Sonic Hedgehog (SHH) Vokes et al., 2004) , Vascular Endothelial Growth Factor (VEGF) (Carmeliet et al., 1996; Ferrara et al., 1996; Cleaver and Krieg, 1998) , and Notch (Krebs et al., 2000; Lawson et al., 2001 ) signaling pathways, as well as transcription factors including Ets family members (Dube et al., 1999; Sumanas and Lin, 2006; Pham et al., 2007) , Scl/Tal1 (Kallianpur et al., 1994; Visvader et al., 1998; Patterson et al., 2005) , and Coup-TFII (You et al., 2005) play critical roles in the differentiation of endothelial progenitors into arterial and venous endothelial cells. Endothelial cells then migrate towards the midline to form an aggregate known as the vascular cord, which subsequently lumenizes to form functional blood vessels (Torres-Vazquez et al., 2003; Jin et al., 2005) . Extracellular matrix proteins such as Fibronectin, and mediators of cell movements such as Rac and Cdc42 provide critical functions during the migration of endothelial cells and vascular lumen formation (Jiang et al., 1994; Wijelath et al., 2002; Kamei et al., 2006) . Nascent vascular networks then recruit vascular smooth muscle cells and pericytes, a process that requires the function of Platelet Derived Growth Factor (PDGF) signaling and EphrinB2-EphB4 interaction (Jain, 2003; Betsholtz et al., 2005) .
Despite the progress in identifying some of the key factors required for vascular development, the functions of many signaling pathways and the interactions between them are poorly understood due to technical limitations of commonly used model systems. It is technically challenging to study the mechanisms of vascular development since the intricate architecture and context of vascular networks are difficult to reproduce in vitro and the development of the vascular system is strongly influenced by interactions between vessels and neighboring tissues. In addition, inaccessibility of mammalian embryos during development makes in vivo analyses of vascular formation a difficult task. Furthermore, the indispensable function of the placental vasculature during mammalian development constitutes another obstacle for studying the effect of genetic mutations within the developing embryo.
To understand the fundamental principles of vascular development and identify essential genes in this process, we chose to utilize the zebrafish system, since it offers a unique opportunity to overcome the aforementioned technical difficulties. In addition to its well-documented amenability to forward genetic screens (Driever et al., 1996; Haffter et al., 1996; Amsterdam et al., 1999) , the externally fertilized and optically clear embryos enable one to analyze the development of the vasculature in vivo at a cellular level. Recently generated vascular specific transgenic lines, such as Tg(flk1:EGFP) s843 (Jin et al., 2005) , facilitate the analyses. Although blood circulation starts at 24 hpf, zebrafish embryos can survive up to 7 dpf without a functional vasculature or heart beat (Stainier, 2001; Stainier et al., 1995; Sehnert et al., 2002) , allowing one to study defects in vascular formation and patterning in the developing embryo over an extended period of time.
Here we present the results of a three-step forward genetic screen in zebrafish. Initially, we identified mutants with vascular defects by observing their blood circulation and subsequently stained them for endogenous alkaline phosphatase activity, which labels endothelial cells. These analyses were followed by an in vivo analysis using a transgenic endothelial specific GFP-reporter line (Tg(flk1:EGFP) s843 ). We identified 30 distinct genetic loci that regulate vascular development. Mutations in 11 of these loci interfere with vasculogenesis by causing changes in the number of endothelial cells or in vascular tube and lumen formation. The other 19 mutations affect angiogenesis by disturbing vessel patterning, remodeling, integrity, and/or maintenance.
A majority of the identified mutations cause vascular defects in the context of otherwise unaffected embryos. Many of the vascular defects are similar to known human conditions such as hemangioma, aortic dissection, arterio-venous malformation, cerebral cavernous vascular malformation, and cerebral hemorrhage. Given the paucity of genetic models for these human vascular conditions, these zebrafish mutants should help understand the molecular and cellular etiology of these disorders as well as provide novel insights into vascular development.
Materials and methods

ENU mutagenesis and screening
Mutagenesis was performed by treating zebrafish (Danio rerio) males with the chemical mutagen N-nitroso-N-ethylurea, to induce mutations in premeiotic germ cells. Founder males were subjected to three to five treatments with ENU at weekly intervals and used to generate F2 generations, as previously described (Muto et al., 2005) . F3 embryos were first screened visually for defects in circulation to identify potential vascular mutants. Embryos with defective circulation were stained for endogenous alkaline phosphatase activity to highlight the vasculature. Embryos that showed absent or reduced endogenous alkaline phosphatase activity were further analyzed by in situ hybridization with flk1 to determine the extent of their phenotype, and their parents were subsequently crossed into the Tg(flk1: EGFP) s843 line (Jin et al., 2005) to analyze the phenotype at the cellular level. As a second transgenic line for phenotypic analysis we used Tg(tie2:GFP) s849 (Motoike et al., 2000) .
Endogenous alkaline phosphatase activity assay, in situ hybridization, confocal analyses, immunohistochemistry, microangiography, and video microscopy Endogenous alkaline phosphatase activity assay was performed as previously described Parker et al., 2004) . Briefly, embryos were fixed in a 4% paraformaldehyde solution overnight and washed multiple times with 0.1% Triton in PBS, then stained in 10 mM Tris-HCl (pH 9). Alkaline phosphatase activity was detected by NBT/BCIP color reaction. In situ hybridizations were performed as previously described (Alexander and Stainier, 1999) . Riboprobes for flk1 (Liao et al., 1997) , ephrinB2a (Chan et al., 2002; Lawson et al., 2001) , flt4 (Thompson et al., 1998) , tie2 (Lyons et al., 1998) , gata1 , and ve-cadherin (Larson et al., 2004) were prepared with Roche Digoxigenin labeling kits. Embryos were mounted in benzylbenzoate:benzyl alcohol (2:1) and documented with a Zeiss Axiocam.
For confocal analyses, embryos were processed as previously described (Trinh and Stainier, 2004) . Briefly, embryos were fixed overnight with 2% paraformaldehyde and embedded in 4% NuSieve GTG low melting agarose. Embedded embryos were cut with a VT1000S vibratome (Leica) into 250 μm sections. Sections were processed in PBDT [1% BSA, 1% DMSO, and 0.1% Triton X-100 in PBS (pH 7.3)]. Mouse IgG anti-β-catenin (Sigma) at 1:100 (Horne-Badovinac et al., 2001 ) was used to detect endothelial cell boundaries, and TOPRO (Molecular Probes) at 1:10,000 (Oomman et al., 2004 ) was used to visualize nuclei. Processed samples were mounted in Vectashield (Vector Laboratories) and the images were acquired using a Zeiss LSM5 Pascal confocal microscope.
Microangiography was performed by injection of dextran-AlexaFluor594 (Invitrogen #D22913) into the common cardinal vein as previously described (Isogai et al., 2001) . A Toshiba CCD video camera was used to capture the circulatory pattern of the embryos and Pinnacle Studio software was used to process the movies.
Complementation analyses and genetic mapping
Mutations were first categorized according to their phenotypes, and between mutations within the same group heterozygous individuals were crossed for complementation analyses. Mutations were subsequently mapped to linkage groups by bulk segregant analysis with SSLP markers.
Results
Genetic Screen for mutations that cause vascular defects
To identify genes with an essential function in vascular development, we used a forward genetic approach and performed a diploid F3 ENU mutagenesis screen in zebrafish. Specifically, the chemical mutagen ENU was used to induce premeiotic mutations in males which were subsequently bred to generate F2 carrier families as done in previous screens (Driever et al., 1996; Haffter et al., 1996) . F3 embryos were scored for reduced or absent circulation at either 36 or 60 hpf. Those with aberrant circulation pattern were fixed and stained at 36 hpf for endogenous alkaline phosphatase activity to visualize the presence and structure of the vasculature. In order to maximize the specificity of the screen, embryos with vascular defects that are usually associated with hypoxia, such as tortuous subintestinal vessels (SIVs), were not kept for subsequent analyses (data not included). In a subset of potential mutants, in situ hybridization and confocal analyses were performed at various stages to define the time point when the vascular phenotype is first manifest. All recovered mutants were crossed to the Tg(flk1: EGFP) s843 reporter line to analyze their vasculature in detail.
We screened a total of 2392 families, which, taking into account the analyzed number of families and offspring crosses per family (Mullins et al., 1994) , can be calculated to correspond to 4015 mutagenized genomes. An extensive series of complementation tests and linkage group assignments indicate that these mutations define 30 different loci (Table 1) .
According to the phenotype of the mutants and the onset of their vascular defects, we propose four distinct phases of vascular development: (I) specification and differentiation of endothelial precursors, (II) migration of these cells and subsequent vascular tube and lumen formation, (III) emergence and patterning of secondary vessels, and (IV) maintenance of vessels.
Genes regulating the number of endothelial cells
To identify genes regulating the earlier steps of vascular development such as endothelial specification and/or differentiation, we performed a secondary in situ hybridization screen with embryos that displayed significant changes in the level of endogenous alkaline phosphatase activity, using the vascular specific marker flk1 (Liao et al., 1997; Thompson et al., 1998) . Three mutations, mirinay s202 (min), groom of cloche s635 (grc), and santa s234 (san) show discernable changes in flk1 expression (data not included). Further analyses with the Tg(flk1:EGFP) s843 line confirmed that these mutations cause defects in early vascular development, most likely by affecting endothelial precursor formation ( Figs and grc s635 mutant embryos is drastically reduced (see Fig.  S1 ), and appears to be comparable to that in the previously identified zebrafish mutant cloche (clo) (Fig. 1B) , suggesting that the genes affected by these mutations are critical for endothelial specification and/or differentiation. min s202 mutant embryos show a significant reduction in the number of endothelial precursors during early development, most notably in the posterior portion of the embryos (Figs. 2D and H, S1). This phenotype becomes apparent at approximately 14 hpf. Surprisingly, these embryos form rudimentary axial vessels despite the initial deficit of endothelial cells. However, axial vessels in min s202 mutant embryos appear to be discontinuous and do not form a proper lumen (Figs. 2I to L). Subsequent intersegmental vessel (SE) formation (Figs. 2I and J) and the specification of the arterial and venous endothelial cells also appear to be affected (Figs. 2N and P). In addition, homozygous min s202 mutant embryos have a noticeable decrease in the number of primitive blood cells (Fig. 2R) , suggesting that the gene affected by this mutation functions at a level prior to the specification of both lineages, as suggested for clo (Liao et al., 1997) .
In contrast, san s234 mutant embryos show an elevated expression level of endothelial specific markers (Fig. 3) . Complementation analyses showed that the mutation we identified is allelic to a known mutation, san m775 . Recently, positional cloning revealed that this mutation affects the krit1/ ccm1 gene (Mably et al., 2006) , which has been implicated in cerebral cavernous malformation (Whitehead et al., 2004) . However, the early vascular phenotype of san/krit1 mutants has not been reported. In hemizygous Tg(tie2:GFP) s849 embryos, the transgene is hard to detect due to its low expression level (Figs. 3G, I, and K). However, in san s234 mutant embryos, the hemizygous Tg(tie2:GFP) s849 transgene expression is significantly elevated, which results in its easy detection (Figs. 3H, J, and L). Similarly, elevated levels of endogenous tie2 expression were detected in san s234 mutant embryos (Figs. 3D and F). Taken together, these observations suggest that san/krit1 negatively regulates the expression level of endothelial specific genes and/or the number of endothelial cells. At later stages, san s234 mutant embryos show a dilation of major vessels as observed in transgenic mice and human patients (Laberge-le Couteulx et al., 1999; Whitehead et al., 2004) , which is most pronounced in the SIV (Fig. 3N ) and the posterior cardinal vein (PCV), although the dorsal aorta (DA) appears relatively unaffected (Fig. 3P) .
Genes regulating vascular tube or lumen structure
A subset of the mutants that display collapsed or dilated vessels were subjected to confocal microscopy analyses to test Group III mutations affecting vascular patterning disoriented (did)
LG24 s240 Missing intersegmental vessels cacophony (cpn)
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Apoptosis of endothelial cells barolo (bar)
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LG 8 whether these mutations affect vascular tube and lumen formation (Fig. 4) . Through this analysis, we identified seven mutations that specifically affect vascular tube and lumen formation without affecting earlier steps of endothelial cell specification and differentiation (Table 1) . These mutations can be subdivided into two groups depending on whether they affect the number (Group IIA) or the diameter (Group IIB) of the vascular lumen. Two lumenized axial vessels, the DA and PCV, can be observed in wild-type embryos (Figs. 4A and B) . The formation of the DA and PCV and subsequent lumenization of these vessels do not appear to be affected by lack of circulation, as shown in silent heart/tnnt2 (sih) morpholinoinjected embryos (Fig. 4C) . Two mutations, solo s828 (sol) and ménage a trois s233 (mts), alter the number of lumens in axial vessels (Figs. 4D and E) . In sol s828 mutant embryos, endothelial cells fail to segregate into the DA and PCV, resulting in a single large vessel in the midline of the embryos (Fig. 4D) . In contrast, an extra vascular lumen in the axial vessels is formed in homozygous mts s233 mutant embryos (Fig.  4E) . Further in situ analyses suggest that the mts s233 mutation does not cause defects in the differentiation of endothelial cells into arterial or venous endothelial cells (Fig. S2) .
Group IIB mutants, which show changes in the diameter of vascular lumen, include new alleles of two previously known mutations, logelei (log s231 ) and valentine (vtn s259 ) and three novel mutations, poongsun s634 (psn), blind alley s889 (bly), and catacomb s479 (ctb). Axial vessels initially lumenize, but subsequently collapse in log s231 mutant embryos (Fig. 4F) , while the PCV fails to remodel and becomes grossly dilated in homozygous psn s634 , bly s889 , and ctb s479 mutant embryos ( Fig. 4G and data not included). However, we did not observe any obvious changes in the number or identity of endothelial cells in these mutants (Fig.  S2 and data not included) , suggesting that the molecular mechanisms that determine the size of vessels can be separated from those that regulate the specification of endothelial cells.
Genes regulating vascular patterning
Formation of the complex vascular network requires vascular growth according to a pre-determined pattern. We identified eight mutants with specific defects in vascular patterning, all of which show wild-type like endothelial cell numbers, migration behavior, and axial vessel formation. Therefore, these mutations are likely to cause specific patterning defects as results of disturbed angiogenic processes rather than defective vasculogenesis. Four of the identified mutations affect early patterning of the SEs alone or in combination with other patterning events. Complementation analyses showed that we had identified multiple additional alleles of the previously identified out of bounds (obd s601 ) mutation (Chen et al., 2001; Childs et al., 2002) , which displays an aberrant guidance of the SEs. In comparison, SEs in disoriented s240 (did), cacophony s236 (cpn), and unfinished s808 (unf) mutant embryos, show distinct patterning defects: several SEs are missing in did s240 and cpn s236 mutant embryos, while partially formed SEs are observed in unf s808 mutant embryos. Although the majority of SEs in unf s808 mutant embryos are properly initiated, they fail to extend and contribute to the dorsal longitudinal anastomotic vessels (DLAVs) (Figs. 5D to F) . In severely affected unf s808 mutant embryos, SEs do not form at all (data not included). This failure of angiogenic sprouting also disturbs patterning of the head vasculature in unf s808 mutant embryos. These head vascular defects are characterized by a failure in the sprouting from the primordial midbrain channel (PMBC) and the formation and extension of the hindbrain capillary network (data not included).
Another angiogenic process, the remodeling of the PCV, appears to be affected in embryos homozygous for the mutation sloppy vein s887 (slv) (Figs. 5J to L). Although slv s887 mutants also have minor aberrations in SE development (Fig. 5L) , the overall patterning of the trunk and head vasculature appears to be unaffected. The opposite seems to be the case for quo vadis s840 (qad) mutant embryos. In qad s840 mutants (Figs. 5Q to T), misguided patterning of the head vasculature, especially apparent in the hindbrain capillary network, can be observed. However, qad s840 mutant embryos have no obvious patterning defects in their trunk and tail vasculature (Fig. 5R) . The phenotype becomes apparent relatively late in development: at 48 hpf qad s840 mutant embryos are indistinguishable from their siblings, but after 72 hpf mutants can be identified by their looping brain vessels (Figs. 5S and T) as well as smaller head and eyes. way to go s409 (way) mutant embryos are characterized by a failure to form the arch vasculature, starting at 48 hpf, and also show no trunk or tail patterning defects (data not included).
All patterning mutants identified seem to affect angiogenic vascular growth, indicating that many different factors contribute to vessel outgrowth and patterning. However, in intersection s413 (int) mutants, specific disruption of patterning leads to a failure in connecting the two lateral dorsal aortae (LDA) into the single DA and a failure in fusing the anterior cardinal veins (ACVs) with their respective PCVs to form the common cardinal veins (CCVs) (Fig. 6 ). In addition PCV development is affected in int s413 mutants (Fig. 6 , inset in panel D). Since this phenotype can be observed at 24 hpf, it is not clear whether cell migration and vasculogenic processes are also dysregulated in int s413 mutant embryos. Interestingly, int s413 mutant embryos establish a network of endothelial cells (as seen by Tg(flk1:EGFP) s843 expression, Fig. 6H ) and express the vascular cell adhesion gene ve-cadherin (Fig. 6F) , indicating that assembly, remodeling, or arterial versus venous specification rather than cell migration is affected. This observation and the confinement of the phenotype to two sites of arterial-venous remodeling led us to classify int s413 as a patterning mutant. s843 expression (J). Black arrows point to arrested intersegmental vessels (SEs) (I), white arrow points to discontinuous axial vessel (J). (K, L) Transverse sections from anterior (K) and posterior (L) trunk of 36 hpf min s202 mutant embryos, visualized for Tg(flk1:EGFP) s843 expression (green), β-Catenin (red), and TOPRO (blue). Although the vasculature of min s202 mutant embryos eventually recovers, a drastically reduced number of endothelial cells is observed at this stage (white arrows point to the region of axial vessels). (M-R) Defective endothelial cell specification in 24 hpf min s202 mutant embryos (N and P) compared to wild-type embryos (M and O), as assessed by in situ hybridization with the arterial endothelial marker ephrinB2a (M and N), and the venous endothelial marker flt4 (O and P); and defective erythropoiesis in 18 hpf min s202 mutant embryos (R) compared to wild-type (Q), as assessed by examining gata1 expression in dorsal views. Black arrows in panels N and P point to the reduction in endothelial marker expression in min s202 mutant embryos, and black arrow in panel R points to the region of the lateral plate mesoderm where erythrocytes form in wild-type embryos. Abbreviations: NT: neural tube, NC: notochord.
Genes regulating vascular integrity
Mutants with defects in vascular integrity initially form and pattern the vascular network as their wild-type siblings, but are characterized by a subsequent partial or complete failure of circulation. Using the Tg(flk1:EGFP) s843 line, we further characterized these mutants and confirmed that these genes regulate the maintenance or integrity of the vasculature.
We identified five novel mutations, including a new allele of the previously identified mutation violet beauregarde (vbg s407 ) (Roman et al., 2002) , that affect vascular maintenance due to the breakdown of specific vessels. Additionally, we identified two mutants stradivari s877 (sra) and reddish s587 (reh) with vascular hemorrhage, and three mutants adrasteia s277 (adr), barolo s847 (bar), and tomato s805 (tom), which lose circulation gradually. In losing grip s258 (lgr) mutant embryos, the breakdown of the vasculature can first be seen after 72 hpf and starts with the stretching or thinning out of the branchial arch vasculature, but the trunk and tail vasculature remain essentially unaffected (data not included). Similarly, the DA of homozygous wadi s631 (wdi) mutant embryos starts to disintegrate at 72 hpf. However, homozygous wdi s631 mutant embryos develop a circulation shunt, and are morphologically indistinguishable from their wild-type siblings under the light microscope (Figs. 7G and J, and data not included). Detailed observation with epifluorescent ( Fig. 7L ) and confocal microscopy (data not included) shows that the DA of wdi s631 mutants regresses, and that circulation is rerouted to provide blood to the posterior region of the embryo.
In contrast, in bar s847 mutant embryos, the vasculature degenerates much earlier. bar mutant embryos show significant global reduction of Tg(flk1:EGFP) s843 expression in all endothelial cells starting at 48 hpf, and this reduction becomes more pronounced at 72 hpf (Figs. 7Q and R) . Furthermore, the bar s847 mutation causes severe vascular hemorrhage in the brain at 72 hpf, due to endothelial cell specific apoptosis (data not included). Surprisingly, these mutant embryos did not show any other major phenotype besides slight cardiac edema (Fig. 7P) , indicating that this phenotype is caused by a disruption of a gene that functions within the endothelium and/or endocardium.
Whereas in most mutants of this group the vasculature disintegrates, collapses, or regresses in a mutant-specific way, in adr s277 mutant embryos, we observed the opposite phenotype. A dilation of the head vasculature can first be seen in adr s277 mutant embryos, most notably in the arch vessels, at 72 hpf (Figs. 7E and F) . At this time point, circulation is still vigorous throughout the entire embryo. Within the following 48 h, circulation becomes progressively reduced, and through the formation of a shunt at 120 hpf blood flow is confined to a minimal loop through the heart (Fig. S3) .
Discussion
By using a combination of a fast initial and detailed transgenic line assisted secondary screen, we identified 30 distinct mutations from 4015 mutagenized genomes, that affect processes ranging from early vascular development, such as angioblast specification, to the later maintenance of the vasculature.
In this screen, we identified mutations that cause similar vascular defects to known human conditions, such as hemangioma (in the case of bly s889 and psn s634 ), aortic dissection (in case of wdi s631 ), arterio-venous malformations (in the case of int s413 and sol s828 ), vascular hemorrhage (in the case of sra s887 and reh s587 ), and cerebral cavernous vascular malformations (in the case of san s234 and vtn s259 ). With the exception of san and vtn, the aforementioned mutations appear to be novel, a fact that validates our screening strategy and also supports the use of zebrafish for the identification of genes regulating the development and maintenance of the vasculature. In addition, the similarities between the phenotypes of newly identified zebrafish mutants and the symptoms of human vascular conditions indicate that future analyses of these mutants will provide invaluable insights towards understanding the etiology of various human vascular conditions.
Six loci identified in the screen (san, vtn, log, vbg, yot, and obd) had been identified in previous screens Driever et al., 1996; Schier et al., 1996; Stainier et al., 1996; Chen et al., 2001 , Roman et al., 2002 . However, only vbg, yot, and obd (Roman et al., 2002; Lawson et al., 2002; Childs et al., 2002) had previously been implicated in vascular development. san, vtn, and log had been identified due to other developmental defects (cardiac phenotype in case of san and vtn Mably et al., 2006) and general body shape defects in case of log and yot Brand et al., 1996) ). Multiple alleles were identified for 7 loci. Specifically we identified 2 alleles each of san, sol, log, vtn, adr, and vbg as well as 5 alleles of obd. The identification of multiple alleles at certain loci may mean that they are mutagenic hot spots. Alternatively, it might reflect that a certain degree of saturation has been reached in conventional ENU based mutagenesis screens. Nevertheless, a majority of the mutations identified in our screen appear to be novel, suggesting that a modified screening method such as ours can identify new classes of mutants. Thus in order to favor the identification of novel loci, more sophisticated screens, such as transgene based ones or screens with a sensitized genetic background should be explored.
Use of transgenic fish as a new tool to identify subtle phenotypes
Several in situ based as well as vital staining based ENU mutagenesis screens have been performed to identify novel mutations affecting specific developmental processes (for example, Herzog et al., 2004) . However, these secondary staining methods are usually time consuming and labor intensive. To identify mutations displaying subtle defects in vascular development more quickly and effectively, we used a recently generated transgenic line, Tg(flk1:EGFP) s843 , to visualize the developing vasculature, which enabled us to identify many mutations by simple observation of embryos under the epifluorescence microscope.
Although many mutants identified in our screen have additional morphological defects, several of them would not have been identified without the Tg(flk1:EGFP) s843 line. As previously shown (Jin et al., 2005) , GFP expression in the Tg (flk1:EGFP) s843 line starts within endothelial progenitors at approximately 8 somites (13 hpf), and persists through adulthood. By employing the Tg(flk1:EGFP) s843 line, we were able to identify mutants (e.g. min s202 ) that show defects in early angioblast specification but recover later during development. A similar transgene-assisted screening approach identified multiple novel mutations affecting endodermal organ development (Ober et al., 2006 ) and a novel gene affecting vascular patterning (Pham et al., 2007) .
Distinct phases of vascular development revealed by distinct phenotypes
The phenotypes of the identified mutants reflect distinct phases of vascular development (Table 1 and Fig. 8 ): specification and migration of angioblasts, formation of vascular tubes, Note the massive vascular dilation throughout the head vasculature in adr s277 mutant larvae (F arrowheads), regression of the dorsal aorta in wdi s631 mutant larvae (asterisk in panels L; K, L), and apparently disappearing endothelial cells in bar s847 mutant larvae (Q, R).
subsequent vascular patterning, and maintenance of the vasculature. The earliest event in vascular development is the specification of the angioblast, thought to occur as early as shield stage, long before gastrulation is completed. Recent data indicate that the endothelial lineage emerges from at least two distinct sources, the angioblast and the hemangioblast (Vogeli et al., 2006) . Three mutants display changes in the number of endothelial cells during early development, possibly affecting early angioblast specification. One of these, min s202 shows defects in both endothelial and hematopoietic lineages as clo does (Stainier et al., 1995) , suggesting that min might function in the hemangioblast lineage. Alternatively, min might function in both lineages like scl/tal1 and lmo2 (Liao et al., 1998; Patterson et al., 2007) . Another mutation, grc s635 , specifically affects the endothelial lineage without affecting the hematopoietic lineage (data not included), suggesting that grc may act downstream of min or clo. We observed the opposite phenotype in a new allele of san s234 , which affects krit1 (aka ccm1) (Mably et al., 2006) . However, it will be interesting to determine whether san functions to promote the specification of nascent mesoderm into the endothelial lineage or facilitates the proliferation of angioblasts.
After their specification in the lateral plate mesoderm, endothelial cells migrate to the midline to form a vascular cord which then undergoes lumenization (Jin et al., 2005) . Previously, Kamei and colleagues (2006) showed that vascular lumen formation in the zebrafish SEs occurs via vesicle fusion similar to what is observed in MDCK cells.
Several mutations appear to affect vascular tube and lumen formation without affecting early angioblast lineage specification. Further analyses will need to be performed to assess whether these mutations affect tube and lumen formation of diverse organs such as the pronephros and gut, or specifically vascular tube formation. Interestingly, three mutations, bly s889 , psn s634 , and ctb s479 appear to cause dilation specifically in the PCV. Given the late onset of this phenotype and its specificity, it is tempting to speculate that differences between arterial and venous endothelial cells stabilize much later than the initial differentiation detected by molecular markers.
Subsequently, secondary vessels sprout from the lumenized axial vessels through angiogenesis (reviewed by Ema and Rossant, 2003) . Increasing lines of evidence suggest that secondary vessels generated by angiogenesis follow a genetically determined pattern. Several key signaling pathways have been identified to regulate the guidance of angiogenic sprouts including Semaphorin-Plexin (Torres-Vazquez et al., 2004) , Netrin-DCC (Wilson et al., 2006) , and Unc5-DCC (Lu et al., 2004) . These findings were instrumental in starting to understand the underlying principles of secondary vessel formation, however, most of these components specifically regulate SE sprouting. Signaling pathways that regulate sprouting of other secondary vessels, such as the brain vasculature or the subintestinal vessel, remain to be identified. We identified four mutations that affect secondary vessels other than SEs. For example, the qad s840 mutation specifically affects vascular branching in the brain. The cellular and molecular mechanisms that govern the maturation and maintenance of developing vessels remain largely unexplored. It is widely accepted that the major vessels become stabilized by recruiting vascular smooth muscle cells, while secondary vessels maintain their flexibility to accommodate constant demands for remodeling. Failure of these events will eventually lead to vascular regression, local hemorrhage, or global vascular cell death. We have identified 11 mutations that affect vessel maturation and maintenance. These newly identified mutants will allow one to analyze this relatively unexplored culmination of vascular development. Mutants such as lgr s258 and wdi s631 show a failure of vascular maintenance due to a localized regression of the vasculature. Although detailed analyses need to be performed to further delineate these phenotypes, it is possible that they are due to the a failure to recruit vascular smooth muscle cells to vascular tubes. In contrast, two mutants, bar s847 and tom s805 , display vascular maintenance defects resulting from endothelial specific apoptosis, which will allow the investigation of this previously unexplored aspect of vascular development.
Ongoing efforts in the molecular isolation of the affected genes and further analyses of the phenotypes reported here will help understand the mechanisms by which the vascular system emerges during development and reveal the underlying genetic networks. These studies may also provide new targets for therapeutic intervention in diseases affected or caused by aberrant vasculogenesis or angiogenesis.
